Introduction
Although the electrical conductivity of some aluminates of divalent cations has been reported in some cases, little attention has been paid to the nature of the charge transport and the underlying defect chemistry. Several compounds exist with the composition M0.n A1203 (abbreviated formula MA,), where M=Ca, Sr, Pb, Ba. For instance for Ca 5 different phases are known. Earlier we reported the transport properties of CA [ 1] and CA6 [ 21. Recently we measured data on the calcium compounds C, 2A7 and CA2 and on barium hexaaluminate BA+ In the present paper a survey is given of the experimental results for the compounds mentioned above and the defect mechanism is discussed.
Defect chemistry
Both calcium and barium aluminates are transparent compounds with a wide bandgap (a6 eV). This means that the electronic contribution to the electrical conductivity will be dominated by impurities, even if the concentrations are in the ppm range. From our experiments we find that most of these compounds show mixed ionic and electronic conductivity. The relative contributions vary with temperature and partial oxygen pressure (PO,). All our experiments are performed at constant CaO activity (acao). This means that we can derive a universal Table 1 Reaction equations for the formation of defects in CaO.nAl,OX.
No. Reaction 1 O&=+0,+& +2e' 2 O*V&+ZnV;,+(3n+l)V;; 3
Oee' +h. 4 CaO + V& + Vb; *Cab + 0; 5 D"*D' + e' 6
A"=A' + h' table for the oxygen pressure dependence of the defect concentrations valid for all compounds CA, (or BA,). Table 1 gives equilibrium reactions involved in the formation of defects in CA,. We use the Kroger-Vink notation. D and A denote donors and acceptors with a total concentration [ constants to the power I; 1, m, n, p are constants. In acceptor dominated materials D has to be replaced by A. Table 2 shows the values of n for different approximations. It is evident from this table that the pressure dependence of the conductivity alone is insufficient for an unambiguous determination of the defect mechanism. A study of the available literature shows, however, that there are several indications that calcium ions have much higher mobilities than aluminium ions in calcium aluminates. Strong evidence comes from diffusion couple studies of CaO/Al,O, [ 31. With the aid of inert markers the authors show that calcium ions are the moving species. This was confirmed for several calcium aluminates by other authors [ 4-61. It also follows from the diffusion couple experiments that the use of single crystalline instead of polycrystalline materials produces much thinner reaction layers. This shows that oxygen transport does not take place via the bulk phase but that gas phase or grain-boundary diffusion of oxygen occurs. Thus we conclude that for the bulk diffusion coefficients in calcium aluminates Dca > DA, > Do. This fact can be used for the interpretation of the conductivity measurements.
In the next section we shall discuss the experimental techniques used, and subsequently results will be given for the compounds CA6, CA2, CA, CA,*A, and BA6. 
Experimental
Experimental details of the preparation of calcium aluminates have been described earlier [ 1, 2] . Polycrystalline samples were prepared via a wet chemical route, known as hot-petroleum drying. The starting materials calcium and aluminium nitrate (Puratronic, Johnson Matthey Chem. Ltd.) contained less than 10 ppm of impurities. After heating in air powders were pressed into pellets and sintered between 1200 and 1700°C. Porosities of the sintered samples were always less than 4%. At these densities problems with gas leakage due to open porosity are avoided.
A chemical analysis by means of emission spectrometry, on the sintered samples showed Si to be the main impurity. The order of magnitude is 0.1 wt"h SiO,. Other impurities are MgO( -0.02 wt"h) and Fez03( N 0.04 wt%).
Single crystals of C,*A, were grown for us by B. Cockayne, using the Czochralski technique [ alumina cell with Pt shielding, specially designed for high resistivity samples. The ac response was measured with an applied voltage of 50-l 00 mV, as a function of temperature and partial oxygen pressure. Impedance measurements were performed in the frequency range 0.1 Hz-1 MHz (Solartron 1174 Frequency Response Analyser). The complex impedance almost invariably showed a semicircle slightly depressed below the real axis ( -10" ) and a low frequency tail ( fig. 1 ). For the bulk resistance we took the impedance at the point where the circle intersects the real axis.
Single crystal platelets of C,,A, showed an inductive contribution in the Z"-Z' plots at high frequencies. This contribution is due to the piezoelectric properties of this material and could be minimized by avoiding too much pressure of the spring used to make electrical contact. The ionic transport number ti is defined as the contribution of ionic conductivity Bi to the total conductivity o,, by ti = Ui/U ,. This quantity was measured in an electrochemical cell with configuration Pt, Po,( I) ( sample I Pt, Po,( II) .
The construction of this cell is discussed in ref. [ 
11.
The sample is situated between porous Pt electrodes in a cell with partial oxygen pressures P,,(I) at one side and Po,(II) at the other side. The transference number is determined from the slope of the EMF versus In Po2:
F is the Faraday constant, R is gas constant, T is the 6 temperature, E is the EMF. The reference gas on one side was air, while PO, was varied at the other side. In the range 1 <PO, Q 1 OS Pa oxygen-nitrogen mixtures were used, for PO2 G 1 Pa we used CO-CO2 mixtures. Temperatures were varied between 1300 and 1800 K. The measurements were performed on cylindrical specimens of 1 cm diameter and 0.5-l mm thickness.
Results and discussion

Calcium hexaaluminate &AI,2019
Calcium hexaaluminate, CA6, is the compound with the highest alumina content in the system CaO-A1203. Like Sr and Pb hexaaluminates it crystallizes in the magnetoplumbite-type structure (space group PB,/mmc ) [ 111. The structure consists of blocks (S blocks) with the cubic spinel-type lattice, separated by hexagonal close-packed blocks (R blocks) containing the Ca ion. Each S block contains two layers of four oxygen ions, parallel to the ( 1 1 1) spine1 planes, with three cations between each layer. These cations are located on tetrahedral and octahedral sites. Each S block therefore has the formula [Al2,,,,Al,,,,081 '+. The R block contains three layers of the hexagonal lattice, with one of the four oxygen ions in the centre layer replaced by Ca. The formula of an S block is [ CaAl,O, , ] 2-. The unit cell consists of successive blocks R, S, R*, S*, where * denotes a rotation of 180" about the hexagonal c-axis i.e. the [ 1 1 1 ] direction of the spinel-type lattice. The unit cell thus contains ten oxygen layers, with Ca replacing oxygen every five layers. Fig. 2a gives a schematic picture of the Ca containing plane. Preliminary results of electrical conductivity measurements on polycrystalline CA6 were published earlier [ 21. Our later measurements confirmed these data.
The results are reproduced in fig. 3 and can be summarised as follows.
In the pressure region 10-2<Pc,Z < lo5 Pa, at 1550 K, the contribution of holes dominates the conductivity. In pure oxygen, where ti =O, the activation energy is 1.44 eV. At lower partial oxygen pressure ti increases and for PO, f low2 Pa ionic conduction dominates. The total conductivity passes through a minimum at about 1O-7-1O-8 Pa. At 1700 K this . . muumum is found at PO, -lOI Pa. At lower partial Fig. 3 . Ionic transport number t, and total conductivity u, for CA6 at 1278°C as a function of partial oxygen pressure. Partial conductivities due to holes (us), electrons (u,) and ions ( ai) are also given.
oxygen pressures there is a rising electronic contribution. The activation energy of the pressure independent ionic conductivity is about 2.3 eV. Information on the nature of the dominant defects may be obtained from the oxygen pressure dependence of the conductivity. In the region where Q N ran we have a,a[h']aP&, with n-0.13 for CA6. This value is lower than any of the values in table 2. This discrepancy may be due to the very slow attainment of equilibrium with the gas atmosphere, but we do not think this was the case here. A second possibility is a contribution of grain boundaries. In polycrystalline alumina effects Of the grain size on bh have been observed, while oi was not influenced [ 121. With these data we can try to give an interpretation in terms of the underlying defects. Earlier we stated that Dca > DA1 > Do. Further we note that the activation energy of 2.3 eV for ionic conduction in CA6 agrees well with values for the activation energy of Ca diffusion in other aluminates and in CaO (1.5-2.8 eV). The activation energy for self-diffusion of Al in A1203 is much higher (4.9 eV) [ 
131.
The activation energy for oxygen self-diffusion in alumina is also much higher ( 5-7 eV) , but only about 2.5 eV is found in polycrystalline samples [ with zie the charge of the diffusing defect, we can calculate self-diffusion coefficients in CA+ If we assume that bi is due to calcium transport one finds D(V&, 1550 K)=7.7~10-" cm' s-l, assuming oxygen transport D( Vi, 1550 K) =4.0x lo-l2 cm2 s -'. The latter value is at least 6 orders of magnitude larger than observed for oxygen self-diffusion in A1203. Based on these observations we propose that the electroneutrality condition is the same for the whole region of oxygen partial pressures, viz.
[D'l= PI,,,= 2[V&]. As mentioned earlier the main impurity observed in the sample is Si, probably introduced during the sintering, which takes place at 1700 "C for CA,+ Therefore, we can assume that the defect mechanism is described by [ Si,,] = 2 [V&l = constant. In the pressure range PO, > 1 Pa charge transport is due to holes which have a higher mobility than calcium ions. Below 1 Pa calcium ions contribute considerably to the conductivity. The activation energy of about 2.3 eV determined from o, is then equal to the migration energy of calcium vacancies.
Calcium dialuminate CaALO,
CA2 samples were difficult to densify. Best results were obtained by uniaxial hot pressing at 1260°C in air, under 2 MPa. Electrical measurements were performed on a sample with 85Oh of the theoretical density. EMF measurements in the temperature region 1570-1770 K showed this compound to be a purely ionic conductor with ti= 1, independent of the partial oxygen pressure in the region 1 05-lo-' Pa.
The impedance plots for this compound show two well developed semicircles. The high frequency semicircle is only slightly depressed below the real axis (as in fig. 1 ). The centre of the low frequency arc is depressed about 45" below the real axis. This Warburg-like response clearly indicates a diffusive behaviour of an electrode reaction product, for instance diffusion of calcium ions or of oxygen in the platinum electrodes. The bulk conductivity values can be represented by a linear plot of log oT versus T-': aT=5.73x lo5 exp( -1.95 eV/kT) Sm-' K (correlation coefficient of a least-squares lit 0.9996). The activation energy is slightly lower than for CA6 (2.30 eV) and as we shall see in the next section, somewhat higher than for CA6 (1.74 eV).
A comparison with the other calcium aluminates suggests as the most probable defect mechanism
The crystal structure of CA2 is monoclinic, space group C2/c [ 151. The structure consists of a skeleton of AlO tetrahedra. Between these tetrahedra we find narrow channels, in which the Ca ions are placed. Each Ca is surrounded by 7 oxygen ions. The Ca-0 distances can be divided into two groups, one of which contains five shorter distances with values approximately equal to the sum of the ionic radii (0.233-0.246 nm), the other of which contains two longer distances (0.287 nm). Transport of Ca ions could occur via the channels in the structure.
Calcium monoaluminate CaAI,O,
Just as CA6 this compound is a mixed conductor [ 11. Yet, the oxygen pressure dependence of CA is different from that of CA+ At partial oxygen pressures PO, > 1 Pa the conductivity is dominated by a pressure independent ionic contribution, while at lower pressures electrons are the main charge carriers causing an electronic conduction ue proportional to P,, "4. Fig. 4 shows both the total conductivity as a function of PO, and the partial conductivities as derived from EMF measurements. The activation energy determined from the log cr, versus T-' plot is E,=3.05 eV, while the log OiTverSuS T-' plot yields Ei = 1.74 eV. Table 2 shows that there are several possible neutrality conditions compatible with a pressure independent Gi and a slope of -l/4 for log o, versus log PO,. In ref. [ 1 ] we assumed that oxygens are the mobile ions, with [A'] = [A],,, = 2 [ Vb: ] as the electroneutrality condition. In view of the arguments given above the possibility of calcium ion transport should also be considered however. Singh and Ali [4] measured an activation energy of 1.59 eV for diffusion of calcium ions in CA. This value is close to our value of 1.74 eV for the ionic conductivity. Similar arguments as for CA6 then suggest again [D' ] = [ Sia,] = 2 [V& ] for the electroneutrality condition. The predicted slope of -0.25 for log oe versus log PO, is also in accordance with the experimental value (cf. table 2).
Calcium monoaluminate has a crystal structure related to @tidymite [ 161. The calcium ions are accomodated in cavities formed by AIOrtetrahedrons. Along the b-axis the tetrahedrons form hexagons, in the (0 1 O)-plane the hexagons form twodimensional layers. Migration of calcium ions is possible in these layers.
Dodecacalcium heptaaluminate Ca,J1,4033
There has been some debate about the stability of the compound 12Ca0.7A1203(ClzA,). According to Nurse et al. [ 171 the stable compound ras a composition 12Ca0*7Al,O,*H,O. Other authors proved, however, that the presence of water in the gas phase is not necessary for the synthesis of C,,A, [ 18,191. According to Gladkiy et al. [ 201 the necessary and sufficient condition for the formation of &A, from the melt is the presence of a partial oxygen pressure PO, > 1O-2.3 Pa during solidification. The structure of this compound was discussed by Bard and Scheller [ 2 11. The structure contains a reactive oxygen atom, causing a coordination number of seven for calcium, and which can be replaced easily by monovalent ions such as OH-or Cl-. Of the calcium aluminates C, *A, has the lowest packing density of oxygen ions, and it is the compound with the highest reaction rate in the system CaO-A120,. The as-grown crystals exhibit a pale yellow colour. Fig. 5 shows the absorbance of a platelet after a heat treatment in air at 1540 K for two weeks. There is broad absorption band at 470 nm (2.64 eV) superposed on a very strong band extending into the ultraviolet region; no absorption was detected between 600 and 1200 nm. After heating under a low partial oxygen pressure the band at 470 nm disappears. Many examples are known of colour centres but the origin is often uncertain. According to a mass spectroscopic analysis the main impurities in our crystal are (in atomic ppm): Na 3, K 0.3, Mg<6, Ga 0.5, Cl 1, all other elements ~0.1 ppm. A similar yellow-brown coloration has been observed in A&O3 [22] and YA103 [23] with Mg impurities. For instance, in A&O3 an absorption is present at 2.65 eV which disappears after heating at low oygen pressures. Electron spin resonance shows that this band is due to a transition from the valence band to Mgi, i.e. an Mg2+ ion with a trapped hole. We have also measured the electrical conductivity of the single crystals and of polycrystalline C12A7.
Electrical measurements on the single crystals were difficult due to the extremely long equilibration times. Fig. 6 shows data obtained on a crystal of 1.1 mm thickness measured in air. Numbers indicate the sequence of measuring points. Between points 1 and 4 are six days, between points 1 and 5 eight days. At 1170 K points 7 and 8 are measured three days and one month respectively after point 6, in this time 4 decreased from 5.4x lo-* to 2.5x 1O-3 Sm-' and did not reach a stable value. This means that the (T curve in fig. 6 does not represent an equilibrium. The activation energy observed amounts to about 2.0 eV. Later measurements on a 0.3 mm thick crystal also gave an activation energy of about 2.0 eV but with values of Q a factor of 500 lower than in the 1.1 mm thick crystal. The conductivity decreases with decreasing partial oxygen pressures. Less problems were met when measuring a polycrystalline sample. Since this sample had only closed porosity we assume that grain boundary diffusion is the dominating process in this case. The activation energy in air of the log b-T -' plot is 1.43 eV (1.65 eV for log UT-T -' ). The conductivity increases with decreasing PO, such that the slope of log d -log PO, varies between -0.13 at 1270 K to -0.08 at 1420 K.
The interpretation of these data is difficult on basis of the present measurements. In analogy with Al203 the optical absorption at 2.64 eV in the single crystal may be attributed to a charge transfer from the valence band to Mgir , i.e. a hole trapped at an oxygen ion next to Mg2+ or (Mga,Ob)". In A1203 the thermal value for this transition is 1.95 eV, which also corresponds closely with the activation energy of 2.0 eV for our crystals. Mg ions can be accomo- In this case we expect a hole conductivity with o CC Pgt (cf. table 2). Although we could not measure the exponent in the single crystals due to the slow attainment of equilibrium, the direction of the change supports our assumption of ptype conduction. The fact that grain boundary diffusion shortens the equilibration time considerably also supports the view that Vb; is the major native defect.
In the polycrystalline samples the activation energy is lower and also the PO, dependence of c differs from that for the single crystals and indicates electron conductivity. The difference in behaviour in comparison with the single crystals is not unexpected since the nature and concentraion of impurities is differ-ent. According to an emission spectroscopic analysis the main impurities are Si, B, Fe, Mg, Na all with concentrations of 200-500 at ppm. Since the powders were prepared from aqueous solutions the presence of HZ0 or OH-is also probable. According to Nurse et al. [ This means that in sintered samples charge transport may occur even via protons. Attempts to measure the transport number of our samples were not successfull, however. Erratic voltage values were obtained, probably due to the piezoelectric nature of CIZA,.
Barium hexaaluminate BaA1,20,9 (phase I)
The Ca, Sr and Pb hexaaluminates crystallize in the magnetoplumbite-type structure [ 111. Only a few years ago it was shown that barium hexaaluminate has the sodium P-alumina-type structure. In fact there are two related hexagonal barium hexaaluminates, called BA6-I and -II by Kimura et al. [24] . Phase 1 has the composition Ba0.75All ,O1& =0.82 Ba0.6A120J). The structure of phase I is similar to the sodium P-alumina-type structure [ 9, lo] . The structure of phase II is closely related but with complex defects [ 241. In the present paper results are given of electrical conductivity studies on BA6 type I single crystals.
The conductivity data are plotted in fig. 7 . From this figure an activation energy of 2.40 eV is derived. g is independent of PO, and EMF measurements prove that the conductivity is purely ionic. Fig. 8 shows the absorption coefficient measured on a single crystal. Here (Y= -lo log T/d, T is the transmittance, d is the thickness, no correction was made for reflection losses. From this curve we find a band edge at about 6.2 eV, which means that the activation energy for intrinsic electronic conduction will be about 3.1 eV. To understand the mechanism of ionic conductivity let us consider the structure. In stoichiometric Na P-alumina spinel-type blocks [ [26] there are indications that Ba ions in barium hexaaluminate are very mobile indeed. These authors showed that Ba ions can be exchanged reversibly by Na ions. Since they used polycrystalline samples obtained from a melt and thus consisting of a mixture of BA6 phases, we have repeated a similar experiment with BA6-I single crystals. A crystal of 0.5 mm thickness was heated in a NaCl melt. After an exchange reaction of 2 h at 1130 K, followed by homogenizing during one night at 1220 K in air, the composition of the crystal was measured with an electron microprobe. Using the untreated crystal with formula Ba0.8~A112.10,9 as a standard, the composition after Na exchange was Na,., ,Ba0,48A1,2.060,9 according to electron probe microanalysis. The small deviation in stoichiometry is due to uncertainties in the analysis. After heating a crystal during one night at 1200 K in NaCl barium had been replaced completely by sodium. From this experiment it is evident that barium ions are indeed mobile cations in BA6. The activation energy of 2.4 eV of bi may therefore well be due to the migration of barium ions. A contribution of oxygen ions to the charge transport cannot be ruled out completely. When the structure is compared with Na p-alumina we see that the Ba& is compensated by interstitial oxygen 0':. The ionic radii of barium and oxygen ions do not differ much and there is no a priori way to differentiate between these ions. A value of 2.4 eV for bulk diffusion of oxygen ions is rather low, however. Therefore the most probable defect mechanism is 2 [Vi,] = [D' 1, like in CA+ 5. Summary and conclusions ' From the measurements presented above one finds that the electrical properties of calcium aluminates are determined by impurities even when these are present in concentrations of only 1 ppm. At room temperature all materials are insulators with a wide band-gap, at high temperatures they generally show mixed conductivity. For the polycrystalline samples with comparable impurity levels we not the follow-ing trend: CA shows electron conduction at low PO, and ionic conduction at high P,,, CA2 has ti= 1 over the whole pressure region, CA6 shows ionic conduction at low PO, and hole conduction at high P o2. In all cases we can describe the behaviour assuming that the major defects are mobile calcium vacancies with charge compensation through impurities with donor character, probably silicon ions on aluminium sites. In C,,A, single crystals with low impurity concentrations p-type conductivity is observed. Also an optical absorption is observed which is attributed to a hole band involving an oxidized centre. In this compound oxygen vacancies and magnesium acceptors are assumed to be the major defects. For the sintered &A, samples, with much higher impurity concentrations, the available data are insufficient to allow conclusions about the defects.
A single crystal of 0.82 BaO 6A1203 (so-called BA6-I) also has a high mobility of barium ions and a defect model similar to that for CA6 seems to be valid.
